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ABSTRACT
Massively parallel signature sequencing (MPSS) was
used to analyze the transcriptome of the intracellular
protozoan Theileria parva. In total 1 095 000, 20 bp
sequences representing 4371 different signatures
were generated from T.parva schizonts. Repro-
ducible signatures were identified within 73% of
potentially detectable predicted genes and 83% had
signatures in at least one MPSS cycle. A predicted
leader peptide was detected on 405 expressed
genes. The quantitative range of signatures was
4–52 256 transcripts per million (t.p.m.). Rare tran-
scripts (,50 t.p.m.) were detected from 36% of
genes. Sequence signatures approximated a lognor-
mal distribution, as in microarray. Transcripts were
widely distributed throughout the genome, although
only 47% of 138 telomere-associated open reading
frames exhibited signatures. Antisense signatures
comprised 13.8% of the total, comparable with
Plasmodium. Eighty five predicted genes with
antisense signatures lacked a sense signature.
Antisense transcripts were independently amplified
from schizont cDNA and verified by sequencing.
The MPSS transcripts per million for seven genes
encoding schizont antigens recognized by bovine
CD8 T cells varied 1000-fold. There was concordance
between transcription and protein expression for
heat shock proteins that were very highly expressed
according to MPSS and proteomics. The data sug-
gests a low level of baseline transcription from the
majority of protein-coding genes.
INTRODUCTION
Genome-wide transcription data are important for understand-
ing organism biology in a systems context and when interfaced
with complete genome sequences enable analysis of transcrip-
tion in relation to genome organization. Several techniques are
routinely used for analysis of transcriptomes. These include
microarrays based on hybridization (1,2) and serial analysis
of gene expression (SAGE), which provides quantitative
information from relatively abundant transcripts, based on
30 signatures from cDNA (3). A powerful new high-
throughput method for transcriptome analysis is massively
parallel signature sequencing (MPSS), a technique that
improves on the SAGE concept by using novel amplification
and sequencing technologies to increase the level of sequence
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coverage. MPSS allows detection of transcripts expressed at
very low levels (4,5). We employed MPSS to analyze the
transcriptome of Theileria parva and annotated signatures
derived from RNA of the schizont stage using the recently
determined genome sequence (6). Previously, MPSS has
mainly been applied to multicellular organisms, most compre-
hensively to Arabidopsis thaliana (7,8). Among microbial
eukaryotes, the transcriptome of Saccharomcyes cerevisiae
has been analyzed using SAGE (9) and that of the related
apicomplexan protozoan Plasmodium falciparum, using
both high-density oligonucleotide microarrays (10,11) and
SAGE (12,13).
The T.parva schizont reversibly immortalizes bovine
lymphocytes resulting in a leukemia-like phenotype and is
responsible for the majority of the pathology resulting from
T.parva infections of cattle. Infected bovine lymphocytes can
be propagated like tumors in vitro (14), allowing schizont
RNA to be obtained in sufficient quantity for analysis. We
used a non-synchronized population of T.parva schizont-
infected lymphocytes, cultured directly from a cattle lymph
node biopsy for MPSS analysis of RNA. Previous transcrip-
tome analyses in protozoan parasites have primarily focused
on identification of stage-specific transcripts using microarray.
We describe a high-resolution analysis of the genome-wide
pattern of transcription within a single parasite life-cycle stage
using a quantifiable technique based on sequence signatures
whose origins in the genome are verifiable.
MATERIALS AND METHODS
Parasite material and culture conditions
A cloned T.parva Muguga sporozoite stabilate (15) was inocu-
lated into an animal and parasite-transformed lymphocytes
(from lymph node biopsies) were established in culture to
provide the schizont-infected lymphocytes used for schizont
purification for the MPSS experiment. The culture procedures
were according to published methods (14). The schizonts
were enriched to minimize bovine lymphocyte transcript
contamination.
cDNA library construction and MPSS analysis and
annotation
A cDNA library was generated at Lynx Therapeutics
(Hayward, CA) from poly(A)+ mRNA isolated from
T.parva schizonts purified from bovine lymphocyte cultures.
The cDNA library was amplified and loaded onto microbeads.
Signature sequences comprising 20 bases 30 to the poly(A)
proximal DpnII site were determined by Lynx Therapeutics
using serial enzymatic reactions as described (4). MPSS sig-
nature sequences were compared with the draft genome
sequence and schizont expressed sequence tag (EST) data
using established methods (16). All possible signatures
were extracted from the T.parva genome sequence database
(6) and schizont cDNA sequences generated at the Institute
for Genomic Research, Rockville, MA. Each signature was
ranked, based on position and orientation in the original
sequence. The number of signatures obtained does not equate
to the number of genes expressed for a number of technical
reasons. Some upstream DpnII signatures may be captured
owing to partial digestion of the cDNA and/or chimerisms.
Cleavage at upstream DpnII sites can also generate more than
one tag from a single transcript. Signatures were converted to
transcripts per million (t.p.m.) for the purpose of comparison
with other MPSS datasets. The transcripts per million counts
are not directly comparable with MPSS data obtained previ-
ously from other organisms, since 870 000 contaminating
bovine transcripts are incorporated into the transcripts per
million calculations. The T.parva paralogous multicopy fami-
lies were clustered using the TRIBE-MCL algorithm (17) and
signal peptides were predicted using SignalP (18). Data pre-
sented in Figures 1 and 2 represent MPSS signature expression
levels mapped onto the genome according to gene locus num-
bers but exclude 15 gene models that were annotated but not
allocated a locus number.
Independent verification of antisense transcripts
using RT–PCR
Total RNA (100 mg) isolated from a T.parva (Muguga)
schizont-infected lymphocyte cell line was treated at 37C
for 1 h with 10 U of RNase free DNase I (Promega), extracted
with phenol-chloroform and precipitated with ethanol. The
RNA pellet was dissolved in 50 ml of sterile distilled water
and 2.5 ml of RNA was reverse transcribed into ss-cDNA at
42C using RNAse H-reverse transcriptase (Invitrogen,
Paisley) in the presence of a specific reverse primer. The
reaction mixture was heated at 75C for 15 min and treated
with 1 U of RNase H at 37C for 1 h. Purified and precipitated
cDNA was redissolved in 50 ml of TE, pH 7.5. The cDNA was
PCR amplified using AmpliTaq Gold (Roche) in the presence
of 20 pairs of specific forward and reverse primers. Thermal
cycles were as follows: 95C for 10 min; 95C for 1 min; 60C
for 45 s; and 72C for 1 min (35 cycles) with an extension time
of 72C for 10 min. PCR products (5 ml) were analyzed on
an ethidium bromide-stained agarose gel (Supplementary
Figure 6). For sequencing, 10 ml of the PCR products
were treated with 10 U of exonuclease I [United States
Biochemicals (USB), OH] and 1 U of shrimp alkaline phos-
phatase (USB) at 37C for 15 min, followed by 15 min incuba-
tion at 80C. Treated PCR products were sequenced directly
using specific primers. To ascertain whether RNA transcripts
contained a poly(A) stretch at their 30 end, recombinant plas-
mid DNA was purified from a directional schizont cDNA
library in pcDNA3 and used as template for PCR. The reverse
primers of the RNA transcripts were replaced by the SP6
reverse primer of the pcDNA3 plasmid vector. Aliquots
(10 ml) were treated with exonuclease I and shrimp alkaline
phosphatase (USB) and sequenced on an Applied Biosystems
377 automated sequencer.
RESULTS
Summary of MPSS analysis of T.parva schizonts
A total of 2.35 million 20 bp signature sequences were gen-
erated from a T.parva schizont RNA preparation, using MPSS
as described (4,5). Signatures detected in more than one itera-
tion of MPSS, with a normalized count of >4 t.p.m., were
regarded as having maximum reliability. There were 2132
additional annotated signatures, detected in a single MPSS
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cycle. In total, 4571 interpretable signatures (including those
with multiple genome hits) representing 4371 different 20mer
sequence tags were mapped to the T.parva genome. These
were derived from 1 095 000 T.parva-annotated tags with a
dynamic range of >10 000, from 4–52 686 t.p.m. The median
value for sense signatures was 83 t.p.m. In order to provide an
independent assessment of transcript quantification by MPSS,
we examined 20 genes with a wide range of MPSS values
Figure 1. Distribution of sense transcripts within T.parva chromosomes 1–4. MPSS signatures >4 t.p.m. that were consistently positive over four cycles of MPSS are
illustrated diagrammatically for each gene model. The bars indicate the log transcripts per million for each annotated gene as follows: green (4–99 t.p.m.), yellow
(100–999 t.p.m.) and red (>1000 t.p.m.). Gene models lacking DpnII sites are indicated in black. Chromosomes 1–4 are represented in descending order on the page.
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using quantitative PCR (Q-PCR) (19). The results that are
shown in the form of a graph in Supplementary Figure 6
and the raw data is provided in Supplementary Table 5
revealed an R2 of 0.6 in a graphical comparison of Q_PCR
Ct versus log MPSS, when a single outlying gene among the
20 analyzed was excluded from the analysis. Although an R2
value of 0.6 indicates only moderate correlation, it is known
from making standard curves against different templates that
Figure 2. Distribution of antisense transcripts within T.parva chromosomes 1–4. MPSS signatures >4 t.p.m. consistently positive over four cycles, derived from the
antisense strand of predicted genes are illustrated diagrammatically for each gene model. The bars indicate the log transcripts per million for each annotated gene as
follows; green (4–99 t.p.m.) and yellow (100–999 t.p.m.). The distribution of gene models lacking DpnII sites is indicated in black. Chromosomes 1–4 are shown in
descending order.
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the sensitivity and amplification efficiency of Q-PCR can
vary. Thus, given the inherent difficulties in optimizing
PCR conditions across different sequences our Q-PCR data
would suggest that there is a reasonable correlation between
Q-PCR and MPSS and across several orders of magnitude.
Further analysis showed that the 4371 signatures were
derived from the ‘sense’ strand of 2533 of the 4034 predicted
genes within the T.parva genome (6). For the purposes of this
analysis, a gene was defined as the coding region, together
with sequences 50 bp 50 and 30 that had a high probability of
being located within transcribed, but untranslated regions. The
2533 genes contained 4429 signatures that were 100% ident-
ical to genome sequences. These were combined with an addi-
tional 142 signatures that matched the coding sequence after
removal of putative introns. A detailed analysis of the location
of the modeled genes and the MPSS signatures is shown in
Supplementary Table 2. Since 573 of the predicted genes
lacked a DpnII restriction site, theoretically expression of
86% of the predicted genes could potentially be detected by
MPSS. The results revealed that 73% of detectable predicted
genes had reproducible MPSS signatures that were detectable
in more than one independent cycle of MPSS. Low-level sig-
natures, 1098 between 4 and 10 t.p.m., and 1566 between
11 and 50 t.p.m. were evident at high frequency (Supplemen-
tary Table 3). Recent data from Homo sapiens suggest that a
substantial percentage of such ‘orphan’ tags represent bona
fide low abundance transcripts (20). Annotation against a
bovine UniGene Cluster (release 46) database identified 7534
signature tags of apparent bovine origin. Many unassigned
signatures will probably prove to be of bovine origin when
the data is annotated against the complete bovine genome. A
map of the quantitative distribution of transcriptional signa-
tures across the four T.parva chromosomes is shown in Figure 1.
The T.parva MPSS data exhibit an unimodal distribution of
logged abundances, similar to a normal distribution (Figure 3).
Such distributions are typical of microarray datasets (21).
Antisense MPSS signatures
Examination of the polarity of MPSS signatures relative to
modeled genes revealed 637 signatures (13.8%) located on the
antisense strand of a modeled gene. This is comparable with
the 17% of antisense transcripts detected in P.falciparum in
two SAGE libraries (12,13), but less than the 31.6% antisense
transcripts identified in A.thaliana, using MPSS to sample a
variety of tissues (8). The average level of antisense transcripts
(44 t.p.m.) was considerably lower than for sense transcripts
(232 t.p.m.). The dynamic range for the antisense signatures is
100-fold from 4 to 624 t.p.m., considerably lower than for
the sense signatures. The antisense median value is 12. The
antisense signatures were derived from 541 different genes
with sense signatures and 84 gene models that lacked sense
signatures. As in P.falciparum (13), antisense transcripts are
widely distributed (Figure 2). The presence of 11 of the puta-
tive antisense transcripts from the opposite strand of predicted
open reading frames (ORFs) was confirmed by RT–PCR using
purified schizont cDNA, primed with an ‘antisense’ oligonu-
cleotide, (for primer details see Supplementary Figure 7 and
Supplementary Table 4). The eight schizont cDNA PCR prod-
ucts for which sequences were determined corresponded to
the predicted antisense sequence. Seven cloned sequences
were also amplified from a directional cDNA library using
a 50 antisense transcript-specific primer and a vector primer.
The PCR products derived from the library were also verified
by nucleotide sequencing. None of the antisense sequences
contained long ORFs with in-frame ATG codons.
Transcription of telomere-associated ORFs
Genes located directly adjacent to telomeres are subject to
position effects that modulate their expression, as described
for S.cerevisiae (22) and several pathogenic microorganisms
(23). In T.parva, protein-encoding genes are located very close
to the telomeres. On average, the first protein-coding gene is
2.5 kb centromere-proximal to the telomeric repeats and genes
encoding members of Theileria-specific multigene families
are located in the subtelomeric regions. Signatures from 56
of the 85 members of the glutamine-proline rich subtelomeric
variable secreted protein family and 13 of the 61 members of
the SfiI-fragment-related family had low to medium level
MPSS signatures (4–606 t.p.m.), indicating active transcrip-
tion (Figure 4). There was a signature from only 1 of the
7 potentially detectable telomere-proximal ORFs, located
on chromosome 1 (1 of the 8 ORFs adjacent to a telomere
did not contain a DpnII site). As in the case of transcription of
the var genes in P.falciparum erythrocytes, assessed using
microarray analysis (10), several signatures for internal copies
of the two subtelomeric protein families were detected.
Among the 56 expressed telomeric ORFs, 33 (59%) have
signal sequences, consistent with a role in pathogen-host
dinteraction.
Functional classification of genes with MPSS signatures
T.parva proteins were sorted into functional classes based on
the Munich Information Centre for Protein Sequences (MIPS)
Figure 3. Distribution of signature abundances for T.parva signatures after
logarithmic transformation of the data. Data are shown only for the subset of
replicated and significant signatures annotated to a single locus in the T.parva
genome, resulting in the truncation at the left-hand tail. Frequencies on the
y-axis correspond to probability density. The solid black line shows a simple
histogram of logged signature abundances whilst the solid red line shows a more
reliable fixed width tri-cube kernel smoothed estimate of the probability
density.
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catalog (24). The different categories expressed are illustrated
diagrammatically in Figure 5. Sixty nine percent of genes
encoded hypothetical proteins (Supplementary Table 2).
The 20 most highly expressed genes included 5 located within
the mitochondrion (Supplementary Table 5A). We identified
405 (16%) expressed genes that contain sequences encoding
a signal peptide predicted by Signal P, among which the
majority (75%) have no significant identity to genes in the
public databases and were annotated as encoding hypothetical
or conserved-hypothetical proteins. These represent novel
T.parva proteins, a proportion of which may be accessible
to the host MHC class I antigen processing and presentation
pathway and may represent potential vaccine targets.
Genes encoding four heat shock proteins were among the
20 most highly expressed schizont genes according to MPSS
(Supplementary Table 5A). Hsp90 is important for normal
growth and development in eukaryotes and together with
Hsp70 helps newly synthesized proteins to fold. They also
regulate activities of transcription factors and protein kinases.
In P.falciparum, Hsp90 has been shown to be essential for
survival in erythrocytes Hsp (25). In T.parva-infected bovine
lymphocytes Hsp90 accesses the bovine cytosol and represents
a target of CTL responses against the schizont (S. P. Graham,
personal communication).
Comparative analysis of the transcriptome and
proteome
There appeared to be a strong correlation between MPSS
transcripts per million levels (Supplementary Table 5A) and
the 12 most abundant (based on staining with colloidal Coo-
massie Brilliant blue G-250) schizont proteins separated by
two-dimensional gel electrophoresis and identified using tan-
dem mass spectrometry (Supplementary Table 5B). Ten of the
12 abundant T.parva proteins had corresponding transcript
levels of >500 t.p.m., and were among the most highly tran-
scribed proteins identified by MPSS analysis. This was
particularly evident for heat shock proteins. These represented
4 of the 10 most highly expressed proteins identified by protein
mass spectrometry, including an Hsp70 homolog with the
highest MPSS signature abundance (52 686 t.p.m.). The poly-
morphic immunodominant molecule, a highly expressed pro-
tein in schizonts (26), was also among the 20 most abundant
signatures in the MPSS dataset (Supplementary Table 5A).
Thus there was strong evidence for a degree of concordance
between high levels of gene transcription and protein expres-
sion. In contrast there was a 1000-fold range, from 6 to 5974
t.p.m., (Table 1) in transcription as indicated by MPSS
analysis for seven antigens that are recognized by CD8+
MHC class I-restricted cytotoxic T cells, (S. P. Graham and
E. L. Taracha, unpublished data) induced by live vaccination
Figure 4. Expression of telomere-associated genes in T.parva clustered using the TRIBE-MCL algorithm. Telomere-associated regions of each of the four T.parva
chromosomes are illustrated showing the relative position of the ORFs on the forward (top) and reverse (bottom) strands with the multigene families color-coded. The
left telomere is shown above the right. Genes within the same gene family identified using TRIBE-MCL are color-coded, with the copy number in the genome
indicated. Arrows above each ORF indicate the MPSS expression level in two quantitative categories; 4–99, 100–999.
Figure 5. Functional profiles of expressed proteins plotted according to their
classification as defined by MIPS catalog (24). Only one class was assigned per
protein to avoid redundancy. A complete list of the properties of the signatures,
including functional categorization of predicted proteins is provided in Sup-
plementary Table 2.
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with T.parva stabilates. In the case of Tp4 (Table 1) the sig-
nature (6 t.p.m.) was detected in only one out of four MPSS
cycles.
DISCUSSION
Transcriptome analysis using MPSS
For technical reasons, MPSS cannot provide a completely
quantitative description of a transcriptome. Genes lacking
DpnII sites, including 573 (14%) of the 4034 predicted
T.parva genes, are not detectable using this technique,
although use of additional enzymes would increase coverage.
It has also been demonstrated that certain sequence signatures
are underrepresented in A.thaliana MPSS datasets derived
from multiple tissues (8). However, the observation that
1612 T.parva schizont EST sequences determined at TIGR
(M. Gardner and V. Nene, unpublished data) had correspond-
ing MPSS signatures, and the similarity of the distribution of
the T.parva MPSS data to alternative methods of genome-wide
transcriptome analysis in other organisms (21) strongly sug-
gests that MPSS is broadly representative of the overall tran-
scriptional profile. Recent data indicates that the accuracy of
microarrays, the mostly widely used method for transcriptome
analysis to date, is dependent on sequence verification of the
probes, which is not currently routinely performed (27,28).
Given the complex experimental protocols involved in assess-
ing expression activity using microarrays, it is encouraging
that the MPSS data also displays a lognormal distribution
since, unlike microarray analysis, transcript abundance is
assessed directly using MPSS, rather than indirectly by
inference from hybridization.
Antisense transcripts originating from the opposite strand of
ORFs have been detected in many prokaryotic organisms, and
increasingly in eukaryotes, and are speculated to perform a
variety of functional roles (29), including down-regulation of
gene expression. We observed 88 antisense signatures origi-
nating from 85 genes, three of which contained two antisense
signatures at different locations. The absence of a correspond-
ing sense signature in these genes may be the result of regu-
latory silencing by the antisense transcript. Among these
85 genes, 56 were hypothetical, 8 were conserved hypothetical
and 21 had a diverse range of putative functions based on
sequence identity. Thus there is no clear indication of a com-
mon functional role among this set of genes and alternative
explanations for the lack of a sense MPSS signature are also
possible.
Posttranscriptional control of expression has been demon-
strated in T.parva (30) and in certain life-cycle stages of
P.falciparum (31). Thus factors affecting the composition
of the proteome are complex and regulated at multiple levels
in apicomplexan parasites. The relative importance of tran-
scriptional and posttranscriptional processes in contributing to
the T.parva proteome remains to be determined. Our data
indicates a close correlation between high levels of transcrip-
tion and protein expression in certain classes of gene, particu-
larly heat shock proteins. By contrast the recognition of
T.parva antigens by bovine cytotoxic T cells is consistent
with the hypothesis that even genes with low and inconsistent
levels of transcription, e.g. Tp4 (Table 1) from which a sig-
nature was detected only in a single MPSS cycle can be
expressed sufficiently for peptides to be presented and recog-
nized by components of the immune system. One explanation
for this could be high affinity of binding of peptides derived
from weakly expressed proteins to specific bovine class I
MHC proteins.
As mentioned previously, recent observations indicate that
microarray hybridization signals may require validation by
probe sequence verification (27). Sequence signature tech-
niques, such as MPSS, may therefore be a more accurate
method for quantification of transcripts throughout the
genome.
Implications of MPSS data for transcriptional
processes in unicellular eukaryotes
The high depth of coverage of MPSS (5) theoretically enables
the detection of only a few RNA molecules and in T.parva a
significant proportion of transcripts appeared to be expressed
at low levels. Inclusion of MPSS signatures present in only a
single cycle increased the total number of unique signatures
annotated to the T.parva genome to 6503 and the number
of predicted genes with schizont MPSS signatures by 355.
Overall, signatures were therefore detected from 83% of
potentially detectable genes in at least one MPSS experiment,
in RNA from a single parasite life-cycle stage. The biological
significance of this observation is unclear, but inconsistent
MPSS signatures present in only a single run have been
observed from genes in other organisms (32). Such differences
may be stochastic rather than stable and the expression profile
could differ at another time point, or in different cell lines, as
observed previously with P.falciparum (33). Additional data
relating to expression of T.parva telomere-associated ORFs
provide support for this hypothesis. For example cDNA clones
corresponding to the 5th ORF centromeric to the 30 telomere of
chromosome 1 (34) and the 7th ORF centromeric to the
50 telomere of chromosome 2 (35) have been isolated previ-
ously by screening cDNA libraries suggesting that they are
Table 1. MPSS signatures of genes encoding antigens, Tp1–Tp5 and Tp7–Tp8 that are recognized by bovine CD8+ class I-restricted cytotoxic T cells
Antigen Gene length (bp) Protein size (amino acids) Molecular weight (predicted) PI (predicted) MPSS t.p.m.
Tp1 1771 543 61434.6 6.31 261
Tp2 1019 174 19142.3 8.29 1069
Tp3 827 265 28685.4 6.54 44
Tp4 2595 579 63357.5 5.91 6
Tp5 765 155 17806.7 4.49 163
Tp7 2996 721 83667.7 4.77 8803
Tp8 1581 440 50026.8 7.37 64
Tp6 did not contain a DpnII site and was therefore not detectable by MPSS.
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not rare in all infections. The latter was also detected using
northern blotting. However, these two genes had relatively
low MPSS signatures in the current study, 18 and 39 t.p.m.,
respectively. The telomeres of chromosome 4 were the
most transcriptionally active in the particular infected lympho-
cyte population that we analyzed that was derived from a
lymph node biopsy from an animal infected with T.parva
in vivo. ORFs 2–10 were transcribed at the 50 end of chromo-
some 4 and 4–9 at the 30 end, 9 of these at levels of >100 t.p.m.
It will be of interest to see if bias in expression to these
sub-telomeres is consistent in different T.parva infections of
cattle.
Transcription in apicomplexan protozoa, which appear to
lack specific transcription factors with homology to those of
other eukaryotes (31,36,37), is of particular interest. The aver-
age intergenic distance in T.parva is only 408 bp (6), and it is
unknown whether this length of sequence is sufficient for
binding of a transcriptional regulatory complex. Distances
between ORFs can be extremely short in T.parva; e.g. the
gene encoding the p67 antigen and a downstream hypothetical
coding sequence are separated by only 93 bp. The two genes
have MPSS transcripts per million of 22 and 34, respectively,
suggesting that their transcription may not be independent.
The similarity of the T.parva MPSS signature distribution
to a lognormal distribution suggests that the observed signa-
tures result from several processes, indicating that regulation
of gene expression at the transcriptional level is complex. The
striking concordance of proteome and transcriptome data for
heat shock proteins suggests active regulation of transcription
at certain classes of loci. However, our data are also consistent
with the hypothesis that there is a baseline of low level, non-
stringently regulated transcription of the majority of genes,
that may vary stochastically between different T.parva
infected lymphocyte cell lines or at different time points
within the same infection.
SUPPLEMENTARY DATA
Supplementary Data is available at NAR Online.
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